Solid-pseudopapillary neoplasm is an uncommon pancreatic tumor with distinct clinicopathologic features. Solid-pseudopapillary neoplasms are characterized by mutations in exon 3 of CTNNB1. However, little is known about the gene and microRNA expression profiles of solid-pseudopapillary neoplasms. Thus, we sought to characterize solid-pseudopapillary neoplasm-specific gene expression and identify the signaling pathways activated in these tumors. Comparisons of gene expression in solid-pseudopapillary neoplasm to pancreatic ductal carcinomas, neuroendocrine tumors, and non-neoplastic pancreatic tissues identified solid-pseudopapillary neoplasm-specific mRNA and microRNA profiles. By analyzing 1686 (1119 upregulated and 567 downregulated) genes differentially expressed in solid-pseudopapillary neoplasm, we found that the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways, as well as genes involved in epithelial mesenchymal transition, are activated in solid-pseudopapillary neoplasms. We validated these results experimentally by assessing the expression of b-catenin, WIF-1, GLI2, androgen receptor, and epithelial-mesenchymal transitionrelated markers with western blotting and immunohistochemistry. Our analysis also revealed 17 microRNAs, especially the miR-200 family and miR-192/215, closely associated with the upregulated genes associated with the three pathways activated in solid-pseudopapillary neoplasm and epithelial mesenchymal transition. Our results provide insight into the molecular mechanisms underlying solid-pseudopapillary neoplasm tumorigenesis and its characteristic less epithelial cell differentiation than the other common pancreatic tumors.
factors through formation of a b-catenin-Tcf/Lef complex. 11, 12 Consistent with this, studies have demonstrated b-catenin nuclear accumulation in solid-pseudopapillary neoplasms. 13 Although CTNNB1 mutation and activation of the Wnt/b-catenin pathway have been implicated in the pathogenesis of solid-pseudopapillary neoplasm, the molecular regulatory networks of solid-pseudopapillary neoplasm remain poorly understood. To date, no study has been performed to characterize microRNA expression in solid-pseudopapillary neoplasm, while only one study profiling gene expression has been reported. This investigation demonstrated the activation of the Wnt/b-catenin and Notch signaling pathways in solid-pseudopapillary neoplasm. 14 However, direct comparison of the gene expression profiles of solid-pseudopapillary neoplasm to other common pancreatic carcinomas and endocrine tumors, which may provide insights into the cellular origin of solidpseudopapillary neoplasm, has yet to be performed. Moreover, integrative analysis of the mRNA and microRNA expression profiles is necessary to identify the regulatory networks underlying the pathogenesis of solid-pseudopapillary neoplasm.
In this study, we compared the mRNA and microRNA expression profiles of solid-pseudopapillary neoplasms to those from patient-matched nonneoplastic pancreatic tissues and other ductal and endocrine pancreatic tumors. In doing so, we identified solid-pseudopapillary neoplasm-specific mRNA and microRNA expression. Moreover, we demonstrate an association between solid-pseudopapillary neoplasm and activation of the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways.
Materials and methods

Case Selection
A total of 14 solid-pseudopapillary neoplasms, six pancreatic adenocarcinomas, six neuroendocrine tumors, and five non-neoplastic pancreatic tissue samples were used in this study. The selected nonneoplastic tissues showed no evidence of chronic pancreatitis or preneoplastic lesions. The selected tissues mostly comprised pancreatic acinar cells and a few pancreatic islet cells, and therefore did not correspond exactly to the phenotypes of the three pancreatic neoplasms of our study. However, we used these non-neoplastic pancreatic tissues as a control, as they contained no neoplasms. The specimens were obtained from the archives of the Department of Pathology, Yonsei University, Seoul, Korea, and from the Liver Cancer Specimen Bank of the National Research Resource Bank Program of the Korean Science and Engineering Foundation of the Ministry of Science and Technology. Patient data were collected retrospectively from hospital records. All patients had undergone pancreatic resection between 2001 and 2011 and fresh snap-frozen samples were obtained immediately at the time of surgery. All carcinoma samples comprised B70% tumor cells, and none of the patients had received neo-adjuvant chemotherapy. Authorization for the use of these tissues for research purposes was obtained from the Institutional Review Board of Yonsei University of College of Medicine.
RNA Preparation
Total RNA was extracted using Trizol (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturers' protocol. After DNase digestion and other clean-up procedures, RNA samples were quantified, aliquoted, and stored at À 80 1C until use. For quality control, RNA purity and integrity were evaluated by denaturing gel electrophoresis, measurement of the A260/280 ratio, and analyzed using the 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). For all samples, the RNA integrity number scores were 49.5.
Gene Expression Analysis
For DNA microarray hybridization, RNA was pooled by mixing equal amounts of total RNA. Biotinlabeled cRNA targets were synthesized starting from 1.5 mg of total RNA. Double-stranded cDNA synthesis was performed using the Illumina TotalPrep RNA Amplification Kit (Illumina, San Diego, CA, USA), while biotin-UTP-labeled antisense RNA was transcribed in vitro using Ambion's Kit (Ambion Life Technologies, Carlsbad, CA, USA). All steps of the labeling procedure were performed according to the manufacturers' protocol. Microarray experiments were conducted on the HumanHT-12 v4 Sentrix Expression BeadChip (Illumina). Hybridization of labeled cRNA to the BeadChip, washing, and scanning were performed according to the Illumina Bead Station 500 Â manual.
MicroRNA Expression Analysis
To monitor the changes in microRNA levels associated with solid-pseudopapillary neoplasm, 100 ng of total RNA was labeled and hybridized using the Human microRNA Microarray Kit (v.16, Agilent Technologies) according to the manufacturer's protocol (Agilent microRNA microarrays Version 1.5). Hybridization signals were detected with a DNA microarray scanner (Agilent Technologies) and the scanned images were analyzed using Agilent feature extraction software.
mRNA Gene Expression Data Preparation and Statistical Analysis
Raw data were extracted using the software provided by the manufacturer (Illumina Genome Studio v2011.1 (Gene Expression Module v1.9.0)).
Expression intensities were normalized using quantile normalization techniques. 15 Using the normalized intensities, differentially expressed genes between non-neoplastic pancreatic tissue and pancreatic tumors (solid-pseudopapillary neoplasm, neuroendocrine tumor, or pancreatic adenocarcinoma) were determined using the integrated statistical method previously reported. 16 Briefly, (1) two independent tests were performed: Student's t-test and log 2 -median-ratio test; (2) adjusted P-values from each test were computed using an empirical distribution of the null hypothesis that the means of the genes were not different, which was obtained from random permutations of the samples; (3) the P values from the two tests were combined to compute the overall P-values using Stouffer's method 17 and (4) differentially expressed genes were selected as those with Po0.01 and a fold change 41.5. Finally, functional enrichment analysis of the differentially expressed genes was performed using DAVID software 18 to identify GO biological processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways represented by the genes in individual clusters with statistical significance (Supplementary Figure 2A and B).
MicroRNA Raw Data Preparation and Statistical Analysis
Raw data were extracted using the Agilent Feature Extraction Software (v 10.7.1.1) and then processed as published previously. 19 The method described above to analyze mRNA gene expression data was also used to identify differentially expressed microRNAs with Po0.01 and a fold change of 41.5.
Analysis of mRNA-micro RNA Network
We searched for possible mRNAs targeted by the 30 microRNAs specifically downregulated in solid-pseudopapillary neoplasm using miRBase, 20 Targetscan, 21 and Miranda. 22 After the initial screening, we computed the Pearson's correlation coefficient using expression profiles of the mRNAs and microRNAs, and then selected mRNA-microRNA pairs with correlation o À 0.5 and P-valueo0.01. Among these mRNA-microRNA pairs, we finally selected mRNAs specifically upregulated in solid-pseudopapillary neoplasm and associated with the three activated signaling pathways as the microRNA targets.
Quantitative RT-PCR
Primer sequences used were obtained from the Primer-Bank database (http://pga.mgh.harvard.edu/ primerbank/) and are listed in Supplementary 
Results
Clinicopathologic and Molecular Characteristics of Solid-pseudopapillary Neoplasms
Before performing mRNA and microRNA expression analysis, solid-pseudopapillary neoplasm was confirmed by immunohistochemistry and other molecular diagnostic tests. We performed immunostaining of b-catenin, vimentin, and CD10 for diagnosis of solid-pseudopapillary neoplasm and immunostaining of chromogranin A for diagnosis of neuroendocrine tumors (Supplementary Table 1 ). In doing so, we confirmed that all of the 14 solidpseudopapillary neoplasms expressed nuclear b-catenin, vimentin, and CD10. We also demonstrated that all six neuroendocrine tumors expressed chromogranin A. Unlike the pancreatic adenocarcinomas, neuroendocrine tumors, and non-neoplastic pancreas analyzed, all 14 solid-pseudopapillary neoplasms exhibited mutation in exon 3 of CTNNB1 (Table 1 and Supplementary Table 1) .
Unsupervised Clustering Analysis of mRNA and MicroRNA Expression Distinguishes Solidpseudopapillary Neoplasm as a Distinct Type of Pancreatic Tumor
As a first step in the molecular analysis of solidpseudopapillary neoplasms, we examined whether the mRNA and microRNA expression profiles are distinct among the different pancreatic tumors examined. mRNA and microRNA expression profiling was performed on 14 solid-pseudopapillary neoplasms, six pancreatic adenocarcinomas, six neuroendocrine tumors, and five non-neoplastic pancreatic tissues using the Human HT-12 v4 Expression Bead Chip, which contains 47 231 probes representing 31 332 annotated genes. Unsupervised hierarchical clustering analysis of 6777 differentially expressed genes in 31 microarrays grouped non-neoplastic pancreas, solid-pseudopapillary neoplasm, pancreatic adenocarcinoma, and neuroendocrine tumor into separate clusters, suggesting that these tissue types could be characterized by unique differential gene expression ( Figure 1a) .
Clustering analysis based on the 232 differentially expressed microRNAs revealed substantial distinctions in over-and underrepresented microRNAs according to the tumor type. As evident from the resultant dendrogram, the 31 samples clustered into four groups according to the tissue type, demonstrating that microRNA expression patterns were distinct according to the type of pancreatic tumor similar to mRNA expression ( Figure 1b ). These gene expression and microRNA microarray data discussed in this study have been deposited in NCBI's Gene Expression Omnibus (GEO) database (http:// www.ncbi.nih.gov/geo/), and are accessible through GEO Series accession number GSE43795, GSE43796 and GSE43797.
The distinct gene and microRNA expression profiles among the pancreatic tumors were also demonstrated when unsupervised hierarchical clustering analysis of mRNAs ( Figure 1c ) and microRNAs ( Figure 1d ) were performed by using the expression data relative to non-neoplastic samples: mRNA and microRNA expression value divided by the median value of five non-neoplastic pancreatic tissues.
Solid-pseudopapillary Neoplasm-specific Gene Expression Profiles
To identify solid-pseudopapillary neoplasm-specific gene expression, we compared the gene expression profiles of solid-pseudopapillary neoplasms, pancreatic adenocarcinomas, and neuroendocrine tumors with those of non-neoplastic pancreatic tissues, namely solid-pseudopapillary neoplasm versus non-neoplastic samples, neuroendocrine tumor versus non-neoplastic samples, and pancreatic adenocarcinoma versus non-neoplastic samples. Using an integrative statistical method that we previously reported (Materials and methods), we identified 6777 differentially expressed genes (Po0.01, fold-change 41.5), of which 4134 and 2807 were up-and downregulated, respectively, in solid-pseudopapillary neoplasms, pancreatic adenocarcinomas, and neuroendocrine tumors compared with non-neoplastic samples (Figures 2a-c) . While 1119 genes were exclusively upregulated in solidpseudopapillary neoplasm, 488 were upregulated in both pancreatic adenocarcinoma and solid-pseudopapillary neoplasm. Meanwhile, 660 genes were upregulated in both neuroendocrine tumor and solid-pseudopapillary neoplasm (Figure 2a) . Among the downregulated genes, 567 were exclusively downregulated in solid-pseudopapillary neoplasm. Pancreatic adenocarcinoma and solid-pseudopapillary neoplasm shared 819 downregulated genes, while 955 were downregulated in both neuroendocrine tumor and solid-pseudopapillary neoplasm ( Figure 2b ). The 6777 differentially expressed genes were further categorized into 25 clusters based on differential expression in the three comparisons (Supplementary Figure 1A) . Clusters 5 and 21 revealed that a majority of the differentially expressed genes found in solid-pseudopapillary neoplasms (1119 of 2026 upregulated and 567 of 1757 downregulated genes) were specific to this tumor (Figure 2c ), thereby defining a molecular signature for solid-pseudopapillary neoplasm tumorigenesis.
Identification of Characteristic Signaling Pathways Associated with Solid-pseudopapillary Neoplasm
We then examined whether the solid-pseudopapillary neoplasm-specific up-and downregulated genes are associated with signaling pathways by performing an enrichment analysis of GO biological processes and KEGG pathways using DAVID software (Supplementary Figure 2) . GO biological processes enrichment analysis demonstrated that the solid-pseudopapillary neoplasm-specific upregulated genes represent several signaling pathways, upregulated genes (eg, ubiquitin-mediated proteolysis) (Supplementary Figure 2B) . GO biological process analysis of the downregulated genes demonstrated their association with cell motility, migration, and blood vessel development (Supplementary Figure 2A) . Moreover, the KEGG pathways represented by the downregulated genes included fructose and mannose metabolism, the MAPK signaling pathway, and endocytosis (Supplementary Figure 2B) . Notably, comparison of the GO biological process and KEGG pathways found in the 25 differentially expressed genes clusters (Supplementary Figure 1A) demonstrated that the genes specifically upregulated in solid-pseudopapillary neoplasms were exclusively related to the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways (cluster 5 in Supplementary Figure 2 , Table 2 ).
Expression of Tumor Differentiation Markers
Solid-pseudopapillary neoplasms exhibit little cytologic and histologic differentiation. Therefore, solidpseudopapillary neoplasms have been speculated to possess a stem cell-like trait. 23 Also, studies have reported that B50% of solid-pseudopapillary neoplasms express KIT, a well-known stem cell marker. 24 Interestingly, examination of stem cell marker expression in our microarray data did not reveal any significant changes in these markers in solid-pseudopapillary neoplasms (Supplementary  Table 2 ). Instead, the expression of genes associated with epithelial-mesenchymal transition changed dramatically in solid-pseudopapillary neoplasms. Among the well-known epithelial mesenchymal transition markers, 25 ,26 E-cadherin (CDH1) expression was drastically decreased ( À 59-fold), whereas the expression of epithelial mesenchymal transition regulators, such as TWIST2 (17.09-fold) and ZEB2 (3.89-fold), was increased.
Solid-pseudopapillary Neoplasm-specific MicroRNA Expression Profiles
Using the same comparisons and statistical methods, we identified 232 differentially expressed microRNAs. We found 49 microRNAs specifically upregulated in solid-pseudopapillary neoplasms, whereas 30 were specifically downregulated (Po0.01, fold-change 41.5) (Figures 2d-f) . The expression of these 232 microRNAs was categorized into 21 clusters (Supplementary Figure 1B) . We focused on cluster 18, which includes 30 microRNAs specifically downregulated in solid-pseudopapillary neoplasm. Of these, nine microRNAs (miR-200c-3p, miR-192-5p, miR-215, miR-14-3p, miR141-5p, miR-127-3p, miR-379-5p, miR-338-3p, and miR-455-5p) were predicted to target 4100 genes belonging to cluster 5 from our mRNA microarray analysis (ie, mRNAs specifically upregulated in solid-pseudopapillary neoplasm). Six additional microRNAs (miR-429, miR-7-5p, miR200b-3p, miR-192-3p, miR200b-5p, and miR-200a-3p) from clusters 14, 15, and 17, which consisted of microRNAs that decreased in solid-pseudopapillary neoplasm but increased in pancreatic adenocarcinomas and/or neuroendocrine tumors, were predicted to target 4100 mRNAs belonging to cluster 5 of our mRNA expression analysis.
mRNA-microRNA Regulatory Network in Solid-pseudopapillary Neoplasm
Based on these results, we hypothesized that the 30 microRNAs specifically downregulated in solidpseudopapillary neoplasm targeted genes involved in the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways. Thus, we examined the microRNAs predicted to target genes associated with these signaling pathways and that belonged to cluster 5 from our mRNA analysis. To accomplish this, the target genes of the 30 microRNAs were identified using miRBase, 20 TargetScan Human, 21 and Miranda. 22 Then, target genes whose expression was anti-correlated with that of microRNAs (ie, upregulated specifically in solid-pseudopapillary neoplasms; Materials and methods) and involved in the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways (Table 2) were grouped. This analysis identified 17 microRNAs that regulate genes involved in Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways (Supplementary Table 4 ). Using this microRNA-mRNA target information, we constructed gene expression and a microRNA regulatory network specifically activated in solidpseudopapillary neoplasm (Figure 3 , Supplementary Figure 3 ). The network in Figure 3 shows that the upregulated mRNAs of the Wnt/b-catenin pathway, including WIF1, Axin2, FZD7, PRKCZ, and Wnt5A, may be regulated by the miR-200 family, miR-192/215, and miR-455 (Supplementary Figure 3, Supplementary Table 4) . Figure 3b shows the regulation of Hedgehog pathway components, such as GLI2 and GLI3, by miR-141/200a, while androgen receptor could be targeted by miR-376b. According to these models, the miR-200bc/429, miR-192/215, and miR-141/200a families may contribute to upregulating Wnt/b-catenin, Hedgehog, and androgen receptor pathway gene expression (Supplementary Table 4 ).
Validation of Differentially Expressed mRNAs by Quantitative RT-PCR
Changes in mRNA levels of differentially expressed genes in solid-pseudopapillary neoplasm, pancreatic adenocarcinomas, and neuroendocrine tumors, compared with non-neoplastic pancreas, were confirmed by quantitative real-time PCR. 18S rRNA was used as a control for normalization. We selected CTNNB1 and Axin2 to assess the Wnt/b-catenin signaling pathway, GLI2 for the Hedgehog pathway, and androgen receptor for the androgen receptor signaling pathway. E-cadherin (CDH1) and N-cadherin (CDH2) were chosen as representative genes of epithelial-mesenchymal transition. Marked upregulation of CTNNB1 was found in solid-pseudopapillary neoplasm, while only a slight increase was observed in pancreatic adenocarcinoma and neuroendocrine tumor compared with non-neoplastic pancreatic tissues (Figure 4) . Expression of Axin2, GLI2, and androgen receptor were markedly higher in solid-pseudopapillary neoplasm relative to pancreatic adenocarcinoma, neuroendocrine tumor, and non-neoplastic pancreatic tissues (Figure 4) . Marked downregulation of E-cadherin, an epithelial marker, was found in solid-pseudopapillary neoplasm compared with normal pancreas and other pancreatic tumors. In contrast, the expression of N-cadherin, a mesenchymal marker, was significantly increased in solid-pseudopapillary neoplasm and neuroendocrine tumor relative to non-neoplastic pancreatic tissues and pancreatic adenocarcinoma (Figure 4) .
Validation of Differentially Expressed Genes in Solidpseudopapillary Neoplasm by Western Blotting and Immunohistochemistry
We validated b-catenin, WIF-1, GLI2, androgen receptor, E-cadherin, and N-cadherin expression by western blotting (Figure 5a ) and immunohistochemistry (Figure 5b ). We could not include one case of solid-pseudopapillary neoplasm in the western blotting analysis due to a lack of remaining specimen. Both western blotting and immunohistochemical analysis revealed increased levels of b-catenin, WIF-1, GLI2, androgen receptor, and N-cadherin, along with decreases in E-cadherin in solid-pseudopapillary neoplasms.
All 13 solid-pseudopapillary neoplasms showed increased b-catenin expression, whereas pancreatic adenocarcinomas and neuroendocrine tumors showed slightly increased b-catenin expression compared with non-neoplastic pancreas by western blot. WIF-1 protein was also highly expressed in solid-pseudopapillary neoplasm tumor tissues relative to matched normal pancreatic tissues by western blot. GLI2 was highly expressed in all solid-pseudopapillary neoplasms and three out of six pancreatic adenocarcinomas, but was not expressed in neuroendocrine tumors and non-neoplastic pancreas according to western blot. Androgen receptor was highly expressed in all of 13 solid-pseudopapillary neoplasms, but not expressed in pancreatic adenocarcinomas, neuroendocrine tumors, or non-neoplastic pancreas on western blot. Of the epithelial-mesenchymal transitionrelated markers, E-cadherin expression was detected in 1 out of 13 solid-pseudopapillary neoplasms, 3 out of 6 neuroendocrine tumors, and 5 out of 6 pancreatic adenocarcinomas by using E-cadherin antibody targeting for intracellular domains; N-cadherin expression was found in 8 out of 13 solidpseudopapillary neoplasms, 4 out of 6 neuroendocrine tumors. None of the six pancreatic adenocarcinomas were assessed by western blot.
Immunohistochemical analysis revealed characteristic b-catenin nuclear accumulation exclusively in all 14 solid-pseudopapillary neoplasms, whereas no nuclear b-catenin expression was found in pancreatic adenocarcinomas or neuroendocrine tumors. Strong cytoplasmic WIF-1 expression, and strong nuclear expressions of GLI2 and androgen receptor were demonstrated in all 14 solid-pseudopapillary neoplasms (Figure 5b ). E-cadherin expression was not detected in any of the 14 solidpseudopapillary neoplasms, but was found in 3 out of 6 neuroendocrine tumors and all of 6 pancreatic adenocarcinomas by immunohistochemistry. In accordance with previous reports, we also observed nuclear E-cadherin expression in all 14 solid-pseudopapillary neoplasms and in 1 out of 6 neuroendocrine tumors by antibody targeting for intracellular domains (Supplementary Figure 4) . Nuclear localization of E-cadherin in solid-pseudopapillary neoplasms has been reported, and proposed to be mechanistically related to mutations in b-catenin. 27, 28 In contrast to rare membranous E-cadherin expression in solid-pseudopapillary neoplasms, N-cadherin expression was found in 12 out of 14 solid-pseudopapillary neoplasms. E-cadherin, but not N-cadherin, was expressed in the cell membranes of normal pancreas acinar cells (Figure 5b ).
Discussion
In this study, we characterized the mRNA and microRNA expression profiles of solid-pseudopapillary neoplasm using a DNA microarray and microRNA array approach and compared them with other pancreatic tumors. We confirmed that solidpseudopapillary neoplasm is a unique tumor based on mRNA and microRNA expression patterns. We also demonstrated that the Wnt/b-catenin signaling pathway is activated in solid-pseudopapillary neoplasms and revealed the involvement of the Hedgehog and androgen receptor signaling pathways. By comparing the mRNA-microRNA regulatory network of solid-pseudopapillary neoplasms, we identified several microRNAs that may participate in upregulating genes associated with these three signaling pathways.
Although solid-pseudopapillary neoplasm is rare, understanding its molecular mechanisms is still important and advantageous. Solid-pseudopapillary neoplasm is a uniquely homogeneous tumor in terms of cell morphology and genetic changes. Nearly all solid-pseudopapillary neoplasms exhibit gain of function mutations in exon 3 of CTNNB1. Thus, knowledge about the molecular ramifications of this mutation is also of great importance. Here, we provide a broad unbiased view of the molecular characteristics of solid-pseudopapillary neoplasm at the mRNA and microRNA levels by analyzing genes specifically deregulated in solid-pseudopapillary neoplasms. The gene expression profile of solidpseudopapillary neoplasm was compared with nonneoplastic pancreas and other pancreatic tumors. Previous studies of solid-pseudopapillary neoplasm have reported the activating CTNNB1 mutations and abnormal b-catenin nuclear accumulation due to inhibition of its degradation. Thus, activation of downstream b-catenin targets was expected. CTNNB1 mutation in solid-pseudopapillary neoplasm is heterozygous and many genes encoding components of the Wnt/b-catenin pathway have been shown to be upregulated in solid-pseudopapillary neoplasm by our study and others. 14 Therefore, nuclear accumulation of wild type b-catenin protein was also expected. Interestingly, both studies found that the level of CTNNB1 mRNA is approximately three to four-fold upregulated in solid-pseudopapillary neoplasm. The proportion of mutant to wild-type b-catenin protein in the nucleus and its effects on downstream targets should be studied in the future.
Besides the Wnt/b-catenin pathway, solid-pseudopapillary neoplasm also exhibits upregulation of genes involved in activation of the Hedgehog and androgen receptor signaling pathways. Based on our analysis of upregulated mRNAs in solid-pseudopapillary neoplasm, we propose that solid-pseudopapillary neoplasm is characterized by activation of the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways. At present, there has been only one report demonstrating the gene expression profiles of solid-pseudopapillary neoplasm. This study showed that the Wnt/b-catenin and Notch signaling pathways participate in solid-pseudopapillary neoplasm. 14 Consistent with this, our data demonstrate that Notch signaling genes were differentially expressed in solid-pseudopapillary neoplasm compared with non-neoplastic pancreatic tissues. However, because these genes were also differentially expressed in pancreatic adenocarcinomas and/or neuroendocrine tumors, this pathway is not regarded as specifically activated pathway in solidpseudopapillary neoplasm. Instead, our results suggest that the Hedgehog pathway is significantly activated in solid-pseudopapillary neoplasms. The Notch and Hedgehog signaling pathways are closely related to the Wnt/b-catenin pathway, with many components in common. 29, 30 One novel finding of this study is activation of the androgen receptor signaling pathway in solid-pseudopapillary neoplasm. We have demonstrated increased androgen receptor expression at the transcriptional and translational levels. Studies have shown that androgen receptor binds to the armadillo repeat domain of b-catenin and enhances its nuclear localization and androgen receptor. 31 Increased androgen receptor-dependent transcriptional activity was reported in prostatic tumors with CTNNB1 mutations. 32 However, no direct relationship between activation of the Wnt/b-catenin and androgen receptor signaling pathways has been reported. In this study, we demonstrate for the first time a high level of nuclear androgen receptor expression in all 14 solid-pseudopapillary neoplasms. In addition to the molecular link between the Wnt/b-catenin and androgen receptor signaling pathways, tumor cells of solid-pseudopapillary neoplasm are characterized by nuclear expression of androgen receptor. These results suggest that androgen receptor may be a potential diagnostic marker for solid-pseudopapillary neoplasm.
The molecular mechanisms leading to the upregulation of these genes in solid-pseudopapillary neoplasms are mostly unknown. We evaluated the possibility that this upregulation is related to the mRNA-microRNA regulatory network. As we performed the mRNA and microRNA gene expression analysis with the same solid-pseudopapillary neoplasm samples, we could evaluate the mRNAmicroRNA reciprocal relationship in our solidpseudopapillary neoplasms. Our analysis revealed distinct microRNA expression patterns specific to solid-pseudopapillary neoplasm. In particular, 30 microRNAs were found to be specifically downregulated in solid-pseudopapillary neoplasms. Based on this data, we showed that a large number of solid-pseudopapillary neoplasm-specific upregulated genes belonging to the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways are associated with downregulated microRNAs. For instance, downregulation of the miR-200 family and miR-192/215 were related to the upregulation of components of these signaling pathways in solidpseudopapillary neoplasm.
Finally, we found that solid-pseudopapillary neoplasm altered the expression of genes linked to epithelial-mesenchymal transition. Marked downregulation of E-cadherin (CDH1) was found in solidpseudopapillary neoplasms, whereas upregulation of N-cadherin (CDH2) and vimentin were validated by western blotting. These findings are in accordance with the rare epithelial differentiation observed in solid-pseudopapillary neoplasm tumor cells. Interestingly, upregulation of epithelial mesenchymal transition regulator genes, TWIST2 and ZEB2, was also observed. A recent study demonstrated that the miRNA-200 family (miR-141, miR-200a, b, c, and miR-429) and miR-192/215 inhibit E-cadherin expression by targeting ZEB1 and ZEB2. [33] [34] [35] [36] [37] These previous reports suggest that solid-pseudopapillary neoplasm-specific downregulation of the miR-200 family and miR-192/215 targets components of the Wnt/b-catenin, Hedgehog, androgen receptor signaling pathways as well as genes associated with epithelial-mesenchymal transition. These effects ultimately result in decreased expression of epithelial markers. Interestingly, the expression of epithelial-mesenchymal transition-related genes is linked with activation of the Wnt/b-catenin, Notch, and Hedgehog signaling pathways. 30, [38] [39] [40] [41] We propose that solid-pseudopapillary neoplasm is characterized by activation of Wnt/b-catenin, Hedgehog, androgen receptor signaling pathways and epithelial-mesenchymal transition based on the signature of differentially expressed mRNAs in solid-pseudopapillary neoplasm. Analysis of micro-RNA expression profiles suggests that a large number of solid-pseudopapillary neoplasm-specific upregulated genes belonging to the Wnt/b-catenin, Hedgehog, and androgen receptor signaling pathways are associated with downregulated microRNAs. Especially, the downregulated miR-200 family and miR-192/215 are related to the upregulation of genes belong to epithelialmesenchymal transition in solid-pseudopapillary neoplasm. These mRNA and microRNA expression profiles may explain reports of less epithelial cell differentiation in solid-pseudopapillary neoplasm than other common pancreatic tumors, thereby providing a molecular mechanism for solid-pseudopapillary neoplasm tumorigenesis.
